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(57) ABSTRACT

A catalyst for producing aromatic compounds from lower
hydrocarbons while improving activity life stability of meth-
ane conversion rate; benzene formation rate; naphthalene
formation rate; and total formation rate of benzene, toluene
and xylene 1s formed by loading molybdenum and copper on
metallo-silicate serving as a substrate and then calcining the
metallo-silicate. When the catalyst 1s reacted with a reaction

gas containing lower hydrocarbons and carbonic acid gas,
aromatic compounds are produced. In order to obtain the
catalyst, 1t 1s preferable that molybdenum and copper are
loaded on zeolite formed of metallo-silicate after the zeolite 1s
treated with a silane compound larger than a pore of the
zeolite 1n diameter and having an amino group and a straight-
chain hydrocarbon group, the amino group being able to
selectively react with the zeolite at a Bronsted acid point of
the zeolite. It 1s preterable that a loaded amount of molybde-
num 1s within a range of from 2 to 12 wt. % based on total
amount of the calcined catalyst while copper 1s loaded at a
copper to molybdenum molar ratio of 0.01 to 0.8.

13 Claims, 9 Drawing Sheets
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CATALYST FOR AROMATIZATION OF
LOWER HYDROCARBONS AND PROCESS

FOR PRODUCTION OF AROMATIC
COMPOUNDS

BACKGROUND OF THE INVENTION

The present invention relates to an advanced use of natural
gas, biogas and methane hydrate which contain methane as a
main component. Natural gas, biogas and methane hydrate
are regarded as elfective energy resources against global
warming, and therefore an interest 1n techniques using them
has grown. A methane resource 1s expected to be a novel
organic resource 1n the next generation or to be a hydrogen
resource for use 1n fuel cells, by putting a clean characteristic
of methane to full use. More particularly, the present mnven-
tion relates to: a catalyst chemistry conversion technique for
eificiently producing aromatic compounds exemplified by
benzene and naphthalene which are materials of chemical
products such as plastics, and high purity hydrogen, from
methane; and a method for producing the catalyst.

SUMMARY OF THE INVENTION

As a method for producing hydrogen and aromatic com-
pounds such as benzene from methane, a method of reacting,
methane 1n the presence of a catalyst 1s known. It 1s generally
said that molybdenum loaded on a ZSM-35 based zeolite 1s
elfectively used as such a catalyst (Non-patent document 1).
However, even in the case of using such a catalyst, there are
problems such as heavy precipitation of carbon and low meth-
ane conversion rate.

In order to solve the problems, a catalyst 1s proposed, for
example, in Patent documents 1 to 3, the catalyst being
tformed by loading catalyst materials such as Mo (molybde-
num) on a porous metallo-silicate. It 1s confirmed by Patent
documents 1 to 3 that lower hydrocarbons efficiently become
aromatic compounds when using a catalyst produced such
that a metal component 1s loaded on a porous metallo-silicate
formed with pores o 7 angstrom 1in diameter and serving as a
substrate, with which hydrogen 1s obtained at high purity.
According to the above patent documents, the substrate loads
the metal component exemplified by molybdenum, coballt,
iron and the like. Further, a catalyst disclosed 1n Patent docu-
ment 4 1s to produce aromatic compounds from lower hydro-
carbons, and 1s formed by treating zeolite formed of metallo-
silicate  with silane compounds and then loading
molybdenum thereon. With this aromatic compounds-pro-
ducing catalyst, a rate of producing a certain aromatic coms-
pound such as benzene and toluene can be stabilized.

As a method for producing hydrogen and aromatic com-
pounds such as benzene from methane, a method of reacting,
methane 1n the presence of a catalyst formed such that molyb-
denum 1s loaded on ZSM-5 1s known as an effective one.

However, even 1n the case of using this catalyst, precipita-
tion of carbon 1s heavy. This carbon precipitation deteriorates
a catalytic performance 1n a short time. Additionally, a meth-
ane conversion rate (a rate of consuming methane used for
producing aromatic compounds and hydrogen) 1s low. The
catalyst as disclosed 1n Patent documents 1 to 3 cannot suifi-
ciently solve the problems, and therefore 1t 1s desired to
develop a catalyst further excellent 1n efficiency of aromatic
compound production.

For utilization of a catalyst which can reform methane 1nto
benzene, it 1s necessary to improve the methane conversion
rate. Then, 1t 1s required for improving the methane conver-
s10n rate to increase a reaction temperature at the occasion of
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introducing methane gas. In the catalyst as disclosed 1n Patent
documents 1 to 3, an activity life of the catalyst 1s significantly

shortened with increase of the temperature at which the cata-
lyst 1s reacted with a raw matenal.

The rate of aromatic compound production can be
improved with the catalyst as disclosed in Patent document 4;
however, a further improvement 1s desired concerning an
activity life stability of the methane formation rate, benzene
formation rate, naphthalene formation rate and BTX forma-
tion rate (or a total formation rate of benzene, toluene and
xylene) from the viewpoint of mass production of aromatic
compounds.

Non-patent document 1: “JOURNAL OF CATALYSIS”
1997, vol. 165, pp. 150-161

Patent document 1: Japanese Patent Provisional Publica-
tion No. 10-272366

Patent document 2: Japanese Patent Provisional Publica-
tion No. 11-60514

Patent document 3: Japanese Patent Provisional Publica-
tion No. 2004-269398

Patent document 4: Japanese Patent Provisional Publica-
tion No. 2007-14894

DISCLOSURE OF INVENTION

In view of the above, a catalyst for solving the problems
and for producing an aromatic compound from a lower hydro-
carbon includes a metallo-silicate serving as a substrate and
calcined upon loading molybdenum and copper on the met-
allo-silicate, 1n which the aromatic compound 1s produced by
reacting the catalyst with the lower hydrocarbon and a car-
bonic acid gas.

Additionally, a method for solving the problems and for
producing an aromatic compound includes the steps of load-
ing molybdenum and copper on metallo-silicate serving as a
substrate; calciming the metallo-silicate upon loading molyb-
denum and copper thereon; and reacting the catalyst with a
reaction gas containing a lower hydrocarbon and a carbonic
acid gas to produce the aromatic compound.

According to the catalyst for producing aromatic com-
pounds from lower hydrocarbons, an activity life stability of
a methane conversion rate, a benzene formation rate, a naph-
thalene formation rate and a BTX formation rate (or a total
formation rate ol benzene, toluene and xylene) 1s improved.
In order to produce aromatic compounds, the carbonic acid
gas may be replaced with carbon monoxide gas. An addition
amount ol the carbonic acid gas 1s preferably within arange of
from 0.5 to 6 wt. % based on the total of the reaction gas. With
this, the activity life stability of the methane conversion rate,
the benzene formation rate, the naphthalene formation rate
and the BTX formation rate 1s reliably improved.

In order to obtain the catalyst for producing aromatic com-
pounds from lower hydrocarbons, 1t 1s preferable that molyb-
denum and copper are loaded on zeolite formed of metallo-
silicate after the zeolite 1s treated with a silane compound
larger than a pore of the zeolite in diameter and having an
amino group and a straight-chain hydrocarbon group, the
amino group being able to selectively react with the zeolite at
a Bronsted acid point of the zeolite.

The metallo-silicate 1s a porous metallo-silicate formed
with pores o1 4.5 to 6.5 angstrom 1n diameter, and exemplified
by ZSM-5 and MCM-22.

The silane compound 1s exemplified by APTES (3-amino-
proxyl-triecthoxysilane). A modification treatment with the
silane compound 1s preferably made 1n such a manner that an
addition amount of the silane compound of after calcination 1s
less than 2.5 wt. %, for example, 0.5 wt. % based on total
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amount of the catalyst. With this, the activity life stability of
the methane conversion rate, the benzene formation rate, the

naphthalene formation rate and the BTX formation rate 1s
reliably improved.

A loaded amount of molybdenum 1s preferably within a
range of from 2 to 12 wt. % based on total amount of the
calcined catalyst while copper 1s loaded at a copper to molyb-
denum molar ratio of 0.01 to 0.8. With this, the activity life
stability of the methane conversion rate, the benzene forma-
tion rate, the naphthalene formation rate and the BTX forma-
tion rate 1s reliably improved.

A calcining temperature applied during the calcination
made after molybdenum and copper are loaded on the met-
allo-silicate 1s preferably within a range of from 530 to 800°
C. When the carbonic acid gas 1s not enough (or 1s less than
0.5%), an oxidation action of precipitated coke 1s decreased
so as to decrease the activity life stability. On the other hand,
when the carbonic acid gas 1s excessive (or 1s not less than
6%), hydrogen and carbon monoxide 1s excessively produced
by a direct oxidation reaction of methane gas so as to lower a
methane gas concentration required to make the reaction,
thereby decreasing a produced amount of benzene. An addi-
tion amount of the carbonic acid gas 1s therefore set within a
range of from 0.5 to 6%. With this, the methane conversion
rate, the benzene formation rate, the naphthalene formation
rate and the BTX formation rate are efficiently stabilized.

According to the invention as discussed above, the activity
life stability of the methane conversion rate, the benzene
formation rate, the naphthalene formation rate and the BTX
formation rate (or the total formation rate of benzene, toluene
and xylene) 1s improved. Therefore, a produced amount of
usetul aromatic compounds such as benzene and toluene 1s
increased.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a graph showing a time varniation 1n a methane
conversion rate, in which each of a catalyst (Mo) relating to
Comparative Example 1 and a catalyst (Cu/Mo) relating to
Example 1 was reacted with each reaction gas of: a 100%
methane gas (CH,); a methane gas to which 6% hydrogen
(H,) was added (Add) to have a methane to hydrogen molar
rat1o of 100:6.2; and a methane gas to which 3% carbonic acid
gas (CO,) was added (Add) to have a methane to carbonic
acid gas (CO,) molar ratio of 100:3.

FIG. 2 1s a graph showing a time variation 1n a benzene
formation rate, 1n which each of a catalyst (Mo) relating to
Comparative Example 1 and a catalyst (Cu/Mo) relating to
Example 1 was reacted with each reaction gas of: a 100%
methane gas (CH,); a methane gas to which 6% hydrogen
(H,) was added (Add) to have a methane to hydrogen molar
rat1o of 100:6.2; and a methane gas to which 3% carbonic acid
gas (CO,) was added (Add) to have a methane to carbonic
acid gas (CO,) molar ratio of 100:3.

FIG. 3 1s a graph showing a time varnation in a naphthalene
formation rate, in which each of a catalyst (Mo) relating to
Comparative Example 1 and a catalyst (Cu/Mo) relating to
Example 1 was reacted with each reaction gas of: a 100%
methane gas (CH,); a methane gas to which 6% hydrogen
(H,) was added (Add) to have a methane to hydrogen molar
ratio of 100:6.2; and a methane gas to which 3% carbonic acid
gas (CO,) was added (Add) to have a methane to carbonic
acid gas (CO,) molar ratio of 100:3.

FIG. 4 1s a graph showing a time variation 1n a BTX
formation rate, 1n which each of a catalyst (Mo) relating to
Comparative Example 1 and a catalyst (Cu/Mo) relating to
Example 1 was reacted with each reaction gas of: a 100%
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4

methane gas (CH,); a methane gas to which 6% hydrogen
(H,) was added (Add) to have a methane to hydrogen molar
ratio of 100:6.2; and a methane gas to which 3% carbonic acid
gas (CO,) was added (Add) to have a methane to carbonic
acid gas (CO,) molar ratio of 100:3.

FIG. 5 1s a graph showing a time variation 1n a carbon
formation rate, 1n which each of a catalyst (Mo) relating to
Comparative Example 1 and a catalyst (Cu/Mo) relating to
Example 1 was reacted with each reaction gas of: a 100%
methane gas (CH,); a methane gas to which 6% hydrogen
(H,) was added (Add) to have a methane to hydrogen molar
ratio of 100:6.2; and a methane gas to which 3% carbonic acid
gas (CQO,) was added (Add) to have a methane to carbonic
acid gas (CO,) molar ratio of 100:3.

FIG. 6 1s a graph showing a time variation in the methane
conversion rate 1n cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas.

FIG. 7 1s a graph showing a time variation 1n the benzene
formation rate 1n cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas.

FIG. 8 1s a graph showing a time variation 1n the naphtha-
lene formation rate 1n cases where each catalyst of Compara-
tive Examples 1 to 3 and Example 1 was reacted with methane
and carbonic acid gas.

FIG. 9 1s a graph showing a time variation in the BTX
formation rate 1in cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas.

FIG. 10 1s a graph showing a time varnation 1n the carbon
formation rate 1n cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas.

FIG. 11 1s a graph showing a time variation 1n the methane
conversion rate 1 cases where a carbonic acid gas-added
methane gas having a methane to carbonic acid gas (CO,)
molar ratio of 100:3 was supplied to each of a catalyst (having
a Cu to Mo molar ratio of 0.1) relating to Example 2 and a
catalyst (having a Cu to Mo molar ratio of 0.3) relating to
Example 3.

FIG. 12 1s a graph showing a time variation in the benzene
formation rate 1n cases where a carbonic acid gas-added
methane gas having a methane to carbonic acid gas (CO,)
molar ratio of 100:3 was supplied to each of a catalyst (having
a Cu to Mo molar ratio of 0.1) relating to Example 2 and a
catalyst (having a Cu to Mo molar ratio of 0.3) relating to
Example 3.

FIG. 13 1s a graph showing a time variation in the naph-
thalene formation rate 1n cases where a carbonic acid gas-
added methane gas having a methane to carbonic acid gas
(CO,) molar ratio of 100:3 was supplied to each of a catalyst
(having a Cu to Mo molar ratio o1 0.1) relating to Example 2
and a catalyst (having a Cu to Mo molar ratio of 0.3) relating
to Example 3.

FIG. 14 1s a graph showing a time vanation 1n the BTX
formation rate 1n cases where a carbonic acid gas-added
methane gas having a methane to carbonic acid gas (CO,)
molar ratio of 100:3 was supplied to each of a catalyst (having
a Cu to Mo molar ratio of 0.1) relating to Example 2 and a
catalyst (having a Cu to Mo molar ratio of 0.3) relating to
Example 3.

FIG. 15 1s a graph showing a time variation 1n the methane
conversion rate 1n cases where each catalyst of Examples 2 to
S and 7 to 10 was reacted with a carbonic acid gas-added
methane gas (having a methane to carbonic acid gas (CO,)
molar ratio of 100:3).
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FIG. 16 1s a graph showing a time variation in the benzene
formation rate 1n cases where each catalyst of Examples 2 to
S and 7 to 10 was reacted with a carbonmic acid gas-added
methane gas (having a methane to carbonic acid gas (CO,)
molar ratio of 100:3).

FIG. 17 1s a graph showing a time variation 1n the naph-
thalene formation rate in cases where each catalyst of
Examples 2 to 5 and 7 to 10 was reacted with a carbonic acid
gas-added methane gas (having a methane to carbonic acid
gas (CO,) molar ratio of 100:3).

FIG. 18 1s a graph showing a time variation 1n the BTX
formation rate in cases where each catalyst of Examples 2 to
S and 7 to 10 was reacted with a carbonic acid gas-added
methane gas (having a methane to carbonic acid gas (CO.,)
molar ratio of 100:3).

DETAILED DESCRIPTION OF THE INVENTION

A catalyst for producing aromatic compounds from lower
hydrocarbons, according to the present invention contains at
least one selected from the group consisting of molybdenum
and compounds thereof. At the production of aromatic com-
pounds, the catalyst for producing aromatic compounds from
lower hydrocarbons 1s reacted with carbon dioxide in addition
to lower hydrocarbons.

The catalyst for producing aromatic compounds from
lower hydrocarbons 1s formed by treating zeolite formed of
metallo-silicate with, a silane compound larger than a pore of
the zeolite 1n diameter and having an amino group and a
straight-chain hydrocarbon group, the amino group being
able to selectively react with the zeolite at a Bronsted acid
point of the zeolite, and then by loading molybdenum and
copper on the zeolite.

A substrate on which the above-mentioned metal compo-
nent 1s loaded includes a porous metallo-silicate substantially
formed with pores of 4.5 to 6.5 angstrom 1n diameter. The
metallo-silicate 1s treated to be modified with silane and then
immersed 1n an impregnation solution prepared with ammo-
nium molybdate and copper acetate or copper sulfate, so as to
be impregnated with a molybdenum component and a copper
component. The metallo-silicate 1s then dried and calcined,
thereby loading the molybdenum component and the copper
component thereon.

As the above-mentioned catalyst for producing aromatic
compounds from lower hydrocarbons, catalyst can obtain
stability when the molybdenum component and the copper
component are loaded on metallo-silicate treated with a silane
component to be modified with silane. Particularly, an activ-
ity life stability of: a methane conversion rate; a benzene
formation rate; naphthalene formation rate; and a BTX for-
mation rate (or a total formation rate of benzene, toluene and
xylene) 1s improved.

Referring to the following Examples, the catalyst for pro-
ducing aromatic compounds from lower hydrocarbons will
be discussed.

1. Production of Catalyst for Producing Aromatic
Compounds from Lower Hydrocarbons (Heremaiter
Abbreviated as “a Catalyst™)

Comparative Example 1

An ammonium type ZSM-5 (510,/A1,0,=25 to 70) was
employed as a metallo-silicate. Molybdenum alone was
loaded on the metallo-silicate, thereby obtaining a catalyst of
Comparative Example 1.
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(1) Preparation
Preparation of an inorganic component: ZSM-5 (82.5 wt.

%), clay (12.5 wt. %), and glass fiber (7 wt. %)

Total Preparation: the above-mentioned morganic compo-
nent (76.5 wt. %), an organic binder (17.3 wt. %), and water
content (7 wt. %)

(2) Shaping

The inorganic component, the organic binder and water
content were prepared in the above-mentioned preparation
ratio and then mixed or kneaded by a means of kneading (a
kneader). Subsequently, the thus mixed substance was shaped
by a vacuum extrusion machine into a rod (5 mm 1n diameter
and 10 mm 1n length). An extrusion pressure applied during
this shaping process was set within a range of from 2 to 8
MPa.

(3) Impregnation of Molybdenum

The shaped substance obtained by the above-mentioned
shaping process was immersed m a stirred ammonium
molybdate solution so as to be impregnated with a molybde-
num component, followed by drying and calcining processes
as will be discussed. The shaped substrate was added such
that molybdenum was to be 1n an amount of 6 wt. % based on
the total amount of calcined catalyst.

(4) Drying and Calcining Catalyst

In order to eliminate the water content added 1n the shaping,
process, a drying process was carried out at 70° C. for about
12 hours. A calcining temperature during the calcining pro-
cess was set within a range of from 550 to 800° C. 1n a1r. That
1s because a temperature of not higher than 550° C. causes a
substrate to decrease 1n strength while a temperature of not
lower than 800° C. causes the substrate to decrease 1n prop-
erty (or activity). Temperature-increasing and temperature-
decreasing rates 1n the calcining process were set within a
range of from 90 to 100° C./hour. During the calcining pro-
cess, a temperature-keeping over 2 to 6 hours was carried out
twice within a range of from 250 to 450° C. 1n order not to
instantaneously calcine the organic binder added in the shap-
ing process, thereby removing the binder. This 1s based on a
reason that the binder calcines instantaneously to decrease the
strength of the calcined substrate when the temperature-in-
creasing rate and the temperature-decreasing rate exceed the
above-mentioned rate and when time for the temperature-
keeping 1s not taken.

(5) Carburization Treatment

The above-mentioned calcined substrate was increased 1n
temperature to 700° C. within 1 hour under the flow of a
mixture gas of CH, and H,. This condition was kept for 3
hours. Thereatfter, the catalyst was increased in temperature to
780° C. upon replacing the atmosphere with that of a reaction
gas formed of CH,,.

Comparative Example 2

A catalyst as Comparative Example 2 was formed loading
molybdenum and cobalt thereon. It was produced by the same
preparation and the same producing process (including the
shaping process, the drying process, the calcining process and
the carburization treatment) as the catalyst of Comparative
Example 1, with the exception of the impregnation process.

In this impregnation process, an impregnation solution
prepared with cobalt acetate and ammonium molybdate was
stirred. Then, the substrate shaped in the shaping process as
discussed in Comparative Example 1 was immersed 1n the
stirred 1mpregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a cobalt
component. This substrate was dried and then calcined 1n atr,
thereby obtaining a ZSM-5 substrate loading molybdenum
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and cobalt. In preparation of the impregnation solution, a
loaded amount of molybdenum was set to be 6 wt. % based on
the total amount of calcined substrate, while a loaded amount

of cobalt was set to have a cobalt to molybdenum molar ratio
o1 0.3:1.0.

Comparative Example 3

A catalyst as Comparative Example 2 was formed loading
molybdenum and 1ron thereon. It was produced by the same
producing process (1including the shaping process, the drying,
process, the calcining process and the carburization treat-
ment) as the catalyst of Comparative Example 1, with the
exception of the impregnation process.

In this 1mpregnation process, an impregnation solution
prepared with 1ron acetate and ammonium molybdate was
stirred. Then, the substrate shaped 1n the shaping process as
discussed in Comparative Example 1 was immersed 1n the
stirred 1mpregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a fer-
rous component. This substrate was dried and then calcined in
air, thereby obtaining a ZSM-35 substrate loading molybde-
num and 1ron. In preparation of the impregnation solution, a
loaded amount of molybdenum was set to be 6 wt. % based on
the total amount of calcined substrate, while a loaded amount
of 1ron was set to have a iron to molybdenum molar ratio of

0.3:1.0.

Example 1

A catalyst as Example 1 was formed loading molybdenum
and copper thereon. It was produced by the same producing
process (including the shaping process, the drying process,
the calcining process and the carburization treatment) as the
catalyst of Comparative Example 1, with the exception of the
impregnation process.

In this 1mpregnation process, an impregnation solution
prepared with copper acetate and ammonium molybdate was
stirred. Then, the substrate shaped 1n the shaping process as
discussed in Comparative Example 1 was immersed 1n the
stirred 1mpregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a cop-
per component. This substrate was dried and then calcined in
air, thereby obtaining a ZSM-35 substrate loading molybde-
num and copper. In preparation of the impregnation solution,
a loaded amount of molybdenum was set to be 6 wt. % based
on the total amount of calcined substrate, while a loaded
amount of copper was set to have a copper to molybdenum
molar ratio o1 0.3:1.0.

2. Evaluation of Catalysts of Comparative Examples
and Examples

A method for evaluating the catalysts of Comparative
Examples and Examples will be discussed.

14 g of a catalyst (having a zeolite ratio of 82.50%) serving,
as a target for evaluation was charged 1nto a reaction pipe of
a fixed-bed tlow reactor (the pipe had an internal diameter of
18 mm and was produced 1n such a manner as to make a
calorizing treatment on Inconel 800H’s portion with which
gas 1s to be brought into contact). Then, each reaction gas was
supplied to the reaction pipe. The catalyst was thus reacted
with the reaction gas under the conditions of: 3000 ml/g—
ZSM-5/h (CH, gas tlow base) ol reaction space velocity; 780°
C. of reaction temperature; 24-hour reaction time; and 0.3
MPa of reaction pressure. During the reaction, a product
analysis was conducted to examine a time variation 1n a
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methane conversion rate, a hydrogen formation rate, a ben-
zene formation rate, a naphthalene formation rate, a BTX
formation rate and a carbon formation rate. The product
analysis was carried out by using TCD-GC and FID-GC.

The followings are definitions of the methane conversion
rate, the hydrogen formation rate, the benzene formation rate,
the naphthalene formation rate, the BTX formation rate and
the carbon formation rate:

Methane conversion rate=(a flow rate of raw material
methane—-a flow rate of unreacted methane)/the tlow rate of
raw material methanex100;

Benzene formation rate="the number of nmol of benzene
produced by 1 g of the catalyst per second™;

Naphthalene formation rate="‘the number of nmol of naph-
thalene produced by 1 g of the catalyst per second”;

BTX formation rate="‘the total number of nmol of benzene,
toluene and xylene produced by 1 g of the catalyst per sec-
ond”’; and

Carbon formation rate="the number of nmol of carbon
produced by 1 g of the catalyst per second”.

FIG. 1 1s a graph showing a time variation 1n the methane
conversion rate, in which each of the catalyst (Mo) relating to
Comparative Example 1 and the catalyst (Cu/Mo) relating to
Example 1 was reacted with each reaction gas of: a 100%
methane gas; amethane gas to which 6% hydrogen was added
to have a methane to hydrogen molar ratio of 100:6.2; and a
methane gas to which 3% carbonic acid gas was added to have
a methane to carbonic acid gas (CO,) molar ratio ot 100:3.

FIG. 2 1s a graph showing a time variation in the benzene
formation rate, in which each of the catalysts relating to
Comparative Example 1 and to Example 1 was reacted with
cach reaction gas of: a 100% methane gas; a methane gas to
which 6% hydrogen was added to have a methane to hydrogen
molar ratio of 100:6.2; and a methane gas to which 3% car-
bonic acid gas was added to have a methane to carbonic acid
gas (CO,) molar ratio of 100:3.

FIG. 3 1s a graph showing a time variation in the naphtha-
lene formation rate, 1n which each of the catalysts relating to
Comparative Example 1 and to Example 1 was reacted with
cach reaction gas of: a 100% methane gas; a methane gas to
which 6% hydrogen was added to have a methane to hydrogen
molar ratio of 100:6.2; and a methane gas to which 3% car-
bonic acid gas was added to have a methane to carbonic acid
gas (CO,) molar ratio of 100:3.

FIG. 4 1s a graph showing a time variation 1n the BTX
formation rate, in which each of the catalysts relating to
Comparative Example 1 and to Example 1 was reacted with
cach reaction gas of: a 100% methane gas; a methane gas to
which 6% hydrogen was added to have a methane to hydrogen
molar ratio of 100:6.2; and a methane gas to which 3% car-
bonic acid gas was added to have a methane to carbonic acid
gas (CO,) molar ratio of 100:3.

FIG. 5 1s a graph showing a time variation 1n the carbon
formation rate, in which each of the catalysts relating to
Comparative Example 1 and to Example 1 was reacted with
cach reaction gas of: a 100% methane gas; a methane gas to
which 6% hydrogen was added to have a methane to hydrogen
molar ratio of 100:6.2; and a methane gas to which 3% car-
bonic acid gas was added to have a methane to carbonic acid
gas (CO,) molar ratio of 100:3.

As apparent from property illustrations of FIGS. 1to 4, it 1s
found that the catalyst loading not only molybdenum (Mo)
but also copper (Cu) 1s equal to the catalyst loading molyb-
denum (Mo) alone, in methane conversion rate, benzene for-
mation rate, naphthalene formation rate and BTX formation
rate, 1n the reaction with the 100% methane gas and the
reaction with the 6.2% hydrogen-added methane gas. Addi-
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tionally, the effect dertved from loading copper (Cu) 1s hardly
shown 1n the reaction with the 100% methane gas and the
reaction with the 6.2% hydrogen-added methane gas.

On the other hand, 1t 1s found, 1n the reaction with the 3%
carbonic acid gas-added methane gas, that the catalyst load-
ing not only molybdenum (Mo) but also copper (Cu) 1s more
improved than the catalyst loading molybdenum (Mo) alone
in activity life of the methane conversion rate, the benzene
formation rate, the naphthalene formation rate and the BTX
formation rate.

More specifically, the catalyst loading copper (Cu) 1n addi-
tion to molybdenum (Mo) 1s found to be remarkably
improved 1n activity life of the methane conversion rate, the
benzene formation rate, the naphthalene formation rate and
the BTX formation rate, in the reaction with the carbonic
acid-containing methane gas. Further, 1t 1s confirmed by the
property illustration of FIG. 5 that the catalyst 1s remarkably
reduced 1n carbon formation rate when reacted with the car-
bonic acid-containing methane gas.

Then, verifications were made on a time variation in the
methane conversion rate, the benzene formation rate, the
naphthalene formation rate, the BTX formation rate and the
carbon formation rate, in cases where each catalyst of Com-
parative Examples 1 to 3 and Example 1 was reacted with
methane and carbonic acid gas. A method for verification will
be discussed below.

14 g of a catalyst (having a zeolite ratio of 82.50%) serving,
as a target for evaluation was charged into a reaction pipe of
a fixed-bed flow reactor (the pipe had an internal diameter of
18 mm and was produced 1n such a manner as to make a
calorizing treatment on Inconel 800H’s portion with which
gas 1s to be brought into contact). Then, a carbonic acid
gas-added methane gas (having a methane to carbonic acid
gas (CO,) molar ratio of 100:3) was supplied to the reaction
pipe, as a reaction gas. The catalyst was thus reacted with the
reaction gas under the conditions of: 3000 ml/g-ZSM-5/h
(CH, gas tlow base) of reaction space velocity; 780° C. of
reaction temperature; 24 hours of reaction time; and 0.3 MPa
of reaction pressure. During the reaction, a product analysis
was conducted to examine a time variation in the methane
conversion rate, the hydrogen formation rate, the benzene

formation rate, the naphthalene formation rate, the BTX for-
mation rate and the carbon formation rate. The product analy-
s1s was carried out by using TCD-GC and FID-GC.

FIG. 6 1s a graph showing a time varnation in the methane
conversion rate in cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas. It 1s apparent from this time variation in the
methane conversion rate, as shown 1n this property illustra-
tion, that the catalyst of Example 1 (or the catalyst loading
molybdenum and copper (Cu/Mo)) 1s improved 1n activity
life stability of the methane conversion rate, as compared with
conventional techniques such as the catalyst of Comparative
Example 1 (or the catalyst loading molybdenum alone (Mo)),
the catalyst of Comparative Example 2 (or the catalyst load-
ing molybdenum and cobalt (Co/Mo)) and the catalyst of
Comparative Example 3 (or the catalyst loading molybdenum
and 1ron (Fe/Mo)).

FI1G. 7 1s a graph showing a time variation 1n the benzene
formation rate 1n cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas. It 1s apparent from this property 1llustration
that the catalyst of Example 1 (Cu/Mo)1s improved in activity
life stability of the benzene formation rate, as compared with
conventional techniques such as the catalyst of Comparative
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Example 1 (Mo), the catalyst of Comparative Example 2
(Co/Mo) and the catalyst of Comparative Example 3 (Fe/
Mo).

FIG. 8 1s a graph showing a time variation in the naphtha-
lene formation rate 1n cases where each catalyst of Compara-
tive Examples 1 to 3 and Example 1 was reacted with methane
and carbonic acid gas. It 1s apparent from this property 1llus-
tration that the catalyst of Example 1 (Cu/Mo) 1s improved in
activity life stability of the naphthalene formation rate, as
compared with conventional techniques such as the catalyst
of Comparative Example 1 (Mo), the catalyst of Comparative
Example 2 (Co/Mo) and the catalyst of Comparative Example
3 (Fe/Mo).

FIG. 9 1s a graph showing a time variation 1n the BTX
formation rate 1n cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas. It 1s apparent from this property illustration
that the catalyst of Example 1 (Cu/Mo) 1s improved in activity
life stability of the BTX formation rate, as compared with
conventional techmiques such as the catalyst of Comparative
Example 1 (Mo), the catalyst of Comparative Example 2
(Co/Mo) and the catalyst of Comparative Example 3 (Fe/
Mo).

FIG. 10 1s a graph showing a time variation in the carbon
formation rate 1in cases where each catalyst of Comparative
Examples 1 to 3 and Example 1 was reacted with methane and
carbonic acid gas. It 1s apparent from this property illustration
that the catalyst of Example 1 (Cu/Mo) 1s reduced in carbon
formation rate, as compared with conventional techniques
such as the catalyst of Comparative Example 1 (Mo), the
catalyst of Comparative Example 2 (Co/Mo) and the catalyst
of Comparative Example 3 (Fe/Mo).

As apparent from the above-mentioned results of
Examples, the catalyst for producing aromatic compounds
from lower hydrocarbons, formed by loading copper as a
second metal component 1n addition to molybdenum on met-
allo-silicate, 1s confirmed to be improved 1n activity life sta-
bility of the methane conversion rate when reacted with lower
hydrocarbons or carbonic acid gas. Further, 1t 1s found that the
carbon formation rate which can cause catalytic activity
reduction 1s decreased while making the activity life of the
formation rate of BTX (which 1s useful components such as
benzene and toluene) stable.

Then, the followings are Comparative Examples and
Examples with which the dependence of a copper to molyb-
denum molar ratio 1n a case where molybdenum and copper
were loaded on metallo-silicate was verified.

Example 2

A catalyst as Example 2 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.1:1.0. It was produced by the same producing process
(including the shaping process, the drying process, the cal-
cining process and the carburization treatment) as the catalyst
of Comparative Example 1, with the exception of the size of
shaped substrate and the impregnation process.

In this shaping process, the mixed substance of the 1nor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine nto a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa. In an
impregnation process, an impregnation solution prepared
with copper acetate and ammonium molybdate was stirred.
Then, the substrate shaped 1n the shaping process and includ-
ing ZSM-35 was immersed in the stirred impregnation solu-
tion, thereby impregnating the shaped substrate with amolyb-




US 8,278,237 B2

11

denum component and a copper component. This substrate
was dried and then calcined 1n air, thereby obtaining a ZSM-3
substrate loading molybdenum and copper. In preparation of
the impregnation solution, a loaded amount of molybdenum
was set to be 6 wt. % based on the total amount of calcined

substrate, while a loaded amount of copper was set to have a
copper to molybdenum molar ratio of 0.1:1.0.

Example 3

A catalyst as Example 3 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.3:1.0. It was produced by the same producing process
(including the shaping process, the drying process, the cal-
cining process and the carburization treatment) as the catalyst
of Comparative Example 1, with the exception of the size of
shaped substrate and the impregnation process.

In this shaping process, the mixed substance of the 1nor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine into a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa. In an
impregnation process, an impregnation solution prepared
with copper acetate and ammonium molybdate was stirred.
Then, the substrate shaped 1n the shaping process and includ-
ing ZSM-35 was immersed in the stirred impregnation solu-
tion, thereby impregnating the shaped substrate with amolyb-
denum component and a copper component. This substrate
was dried and then calcined 1n air, thereby obtaining a ZSM-3
substrate loading molybdenum and copper. In preparation of
the impregnation solution, a loaded amount of molybdenum
was set to be 6 wt. % based on the total amount of calcined
substrate, while a loaded amount of copper was set to have a
copper to molybdenum molar ratio of 0.3:1.0.

Example 4

A catalyst as Example 4 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
01 0.45:1.0. It was produced by the same producing process
(including the shaping process, the drying process, the cal-
cining process and the carburization treatment) as the catalyst
of Comparative Example 1, with the exception of the size of
shaped substrate and the impregnation process.

In this shaping process, the mixed substance of the 1nor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine nto a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa. In an
impregnation process, an impregnation solution prepared
with copper acetate and ammonium molybdate was stirred.
Then, the substrate shaped 1n the shaping process and includ-
ing ZSM-5 was immersed 1n the stirred impregnation solu-
tion, thereby impregnating the shaped substrate with amolyb-
denum component and a copper component. This substrate
was dried and then calcined 1n air, thereby obtaining a ZSM-3
substrate loading molybdenum and copper. In preparation of
the impregnation solution, a loaded amount of molybdenum
was set to be 6 wt. % based on the total amount of calcined
substrate, while a loaded amount of copper was set to have a
copper to molybdenum molar ratio of 0.45:1.0.

Example 5

A catalyst as Example 5 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.6:1.0. It was produced by the same producing process
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(including the shaping process, the drying process, the cal-
cining process and the carburization treatment) as the catalyst

of Comparative Example 1, with the exception of the size of
shaped substrate and the impregnation process.

In this shaping process, the mixed substance of the inor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine mnto a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa. In an
impregnation process, an impregnation solution prepared
with copper acetate and ammonium molybdate was stirred.
Then, the substrate shaped 1n the shaping process and includ-
ing ZSM-5 was immersed 1n the stirred impregnation solu-
tion, thereby impregnating the shaped substrate with amolyb-
denum component and a copper component. This substrate
was dried and then calcined 1n air, thereby obtaining a ZSM-5
substrate loading molybdenum and copper. In preparation of
the impregnation solution, a loaded amount of molybdenum
was set to be 6 wt. % based on the total amount of calcined
substrate, while a loaded amount of copper was set to have a
copper to molybdenum molar ratio of 0.6:1.0.

Example 6

A catalyst as Example 6 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.8:1.0. It was produced by the same producing process
(including the shaping process, the drying process, the cal-
cining process and the carburization treatment) as the catalyst
of Comparative Example 1, with the exception of the size of
shaped substrate and the impregnation process.

In this shaping process, the mixed substance of the inor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine nto a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa. In an
impregnation process, an impregnation solution prepared
with copper acetate and ammonium molybdate was stirred.
Then, the substrate shaped 1n the shaping process and includ-
ing ZSM-5 was immersed 1n the stirred impregnation solu-
tion, thereby impregnating the shaped substrate with amolyb-
denum component and a copper component. This substrate
was dried and then calcined 1n air, thereby obtaining a ZSM-5
substrate loading molybdenum and copper. In preparation of
the impregnation solution, a loaded amount of molybdenum
was set to be 6 wt. % based on the total amount of calcined
substrate, while a loaded amount of copper was set to have a
copper to molybdenum molar ratio of 0.8:1.0.

Evaluations were made on a time variation in the methane
conversion rate, the benzene formation rate, the naphthalene
formation rate and the BTX formation rate in cases where
cach catalyst of Examples 2 to 6 was reacted with methane
and carbonic acid gas. A method for evaluation will be dis-
cussed below.

14 g of a catalyst (having a zeolite ratio of 82.50%) serving,
as a target for evaluation was charged 1nto a reaction pipe of
a fixed-bed flow reactor (the pipe had an internal diameter of
18 mm and was produced 1n such a manner as to make a
calorizing treatment on Inconel 800H’s portion with which
gas 1s to be brought into contact). Then, a carbonic acid
gas-added methane gas (having a methane to carbonic acid
gas (CO,) molar ratio of 100:3) was supplied to the reaction
pipe, as a reaction gas. The catalyst was thus reacted with the
reaction gas under the conditions of: 3000 ml/g—ZSM-5/h
(CH, gas flow base) of reaction space velocity; 780° C. of
reaction temperature; 24 hours of reaction time; and 0.3 MPa
of reaction pressure. During the reaction, a product analysis
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was conducted to examine a time variation in the methane
conversion rate, the benzene formation rate, the naphthalene
formation rate and the BTX formation rate. The product
analysis was carried out by using TCD-GC and FID-GC.

FIG. 11 1s a graph showing a time variation 1n the methane
conversion rate in cases where the evaluation method was
applied to each of the catalyst (having a Cu to Mo molar ratio
of 0.1) relating to Example 2 and the catalyst (having a Cu to
Mo molar ratio of 0.3) relating to Example 3. It 1s apparent
from this property illustration that both of the catalysts are
improved 1n activity life stability of the methane conversion
rate and maintained therein.

FIG. 12 1s a graph showing a time variation in the benzene
formation rate in cases where the evaluation method was
applied to each of the catalyst (having a Cu to Mo molar ratio
of 0.1) relating to Example 2 and the catalyst (having a Cu to
Mo molar ratio of 0.3) relating to Example 3. It 1s apparent
from this property illustration that both of the catalysts are
improved 1n activity life stability of the benzene formation
rate and maintained therein.

FIG. 13 1s a graph showing a time variation 1n the naph-
thalene formation rate 1n cases where the evaluation method
was applied to each of the catalyst (having a Cu to Mo molar
ratio of 0.1) relating to Example 2 and the catalyst (having a
Cu to Mo molar ratio of 0.3) relating to Example 3. It 1s
apparent from this property illustration that both of the cata-
lysts are improved 1n activity life stability of the naphthalene
formation rate and maintained therein.

FIG. 14 1s a graph showing a time variation in the BTX
formation rate 1n cases where the evaluation method was
applied to each of the catalyst (having a Cu to Mo molar ratio
of 0.1) relating to Example 2 and the catalyst (having a Cu to
Mo molar ratio of 0.3) relating to Example 3. It 1s apparent
from this property illustration that both of the catalysts are
improved 1n activity life stability of the BTX formation rate
and maintained therein.

Table 1 shows the methane conversion rate, the benzene
formation rate and the BTX formation rate of the catalysts of
Examples 2 to 6 on which a reaction based on the above-
mentioned evaluation method had made for 24 hours.
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TABLE 1

Example 2 Example 3 Example 4 Example 5
Molar ratio to Mo Cu/Mo: 0.1 Cu/Mo: 0.3 Cu/Mo:045 Cu/Mo:0.6
Methane conversion 12.4 12.4 11.8 11.5
rate (%)
Benzene formation 1904.0 1897.1 1651.2 1469.9
rate (nmol/sg)
BTX formation rate 2015.8 2031.1 1770.7 1575.0

(nmol/sg)

As apparent from Table 1, any of the catalysts of Examples
2 to 6 has the methane conversion rate of not less than 10%,
the benzene formation rate of not less than 990 nmol/sg and
the BTX formation rate of not less than 1000 nmol/sg, even
alter 24-hour reaction. With this, 1t 1s found that stability of
the life of catalyst 1s maintained for a long period of time.
Particularly, the benzene formation rate and the BTX forma-
tion rate 1n 24-hour reaction are higher 1n a case of using the
catalysts of Examples 2 and 3 than in a case of using the
catalysts of Examples 4 to 6. This means 1t 1s further prefer-
able to load molybdenum and copper on metallo-silicate at a
copper to molybdenum ratio of from 0.1 to 0.3, from the
viewpoint of obtaining a catalytic function stability over a
long period of time.
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Concerning the dependence of a molar ratio to molybde-
num of copper loaded after molybdenum, the lower the molar

ratio of copper, the likelier the stability over a long period of
time of the methane conversion rate, the benzene formation
rate and the BTX production becomes excellent. Therefore, 1t
1s considered that the effect of stability of the catalytic activity
life can be obtained even when the molar ratio of copper to
molybdenum 1s less than 0.1 as a lower limit and when within
a range of, for example, from 0.01 to 0.8.

Then, Examples for verifying effects obtained in a case
where zeolite formed of metallo-silicate loaded molybdenum
and copper after being treated with a silane compounds will
be discussed.

Example 7

A catalyst as Example 7 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.15:1.0, after treating a shaped substance with a silane
compound to modily the substance with silane. It was pro-
duced by the same preparation and producing process as the
catalyst of Comparative Example 1, with the exception of the
s1ze of shaped substrate and the impregnation process.

In this shaping process, the mixed substance of the inor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine into a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa.

In a process of modification treatment with silane, APTES
was dissolved 1n ethanol as a silane compound, 1n an addition
amount of 0.5 wt. % based on the total amount of calcined
catalyst. Thereafter, the substrate shaped 1n the shaping pro-
cess relating to Comparative Example 1 so as to include
Z.SM-35 was impregnated with the ethanol for a certain period
of time. This substrate was dried and then calcined at 550° C.
for 6 hours, and thereatter treated with the silane compound to
be modified with silane.

In an impregnation process, an impregnation solution pre-
pared with copper acetate and ammonium molybdate was
stirred. Then, the shaped substrate which underwent the pro-

Example 6
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cess of modification treatment with silane was 1immersed 1n
the stirred impregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a cop-
per component. This substrate was dried and then calcined in
air, thereby obtaining a ZSM-35 substrate loading molybde-
num and copper. In preparation of the impregnation solution,
a loaded amount of molybdenum was set to be 6 wt. % based
on the total amount of calcined substrate, while a loaded
amount of copper was set to have a copper to molybdenum
molar ratio 01 0.15:1.0.

Example 8

A catalyst as Example 8 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
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of 0.3:1.0, after treating a shaped substance with a silane
compound to modily the substance with silane. It was pro-

duced by the same producing process (including the shaping
process, the drying process, the calcining process and the
carburization treatment) as the catalyst of Comparative
Example 1, with the exception of the size of shaped substrate
and the impregnation process.

In this shaping process, the mixed substance of the 1nor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine into a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa.

In a process of modification treatment with silane, APTES
was dissolved 1n ethanol as a silane compound, 1n an addition
amount of 0.5 wt. % based on the total amount of calcined
catalyst. Thereafter, the substrate shaped 1n the shaping pro-
cess relating to Comparative Example 1 so as to include
Z.SM-35 was impregnated with the ethanol for a certain period
of time. This substrate was dried and then calcined at 550° C.
for 6 hours, and thereaiter treated with the silane compound to
be modified with silane.

In an impregnation process, an impregnation solution pre-
pared with copper acetate and ammonium molybdate was
stirred. Then, the shaped substrate which underwent the pro-
cess of modification treatment with silane was immersed 1n
the stirred 1impregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a cop-
per component. This substrate was dried and then calcined in
air, thereby obtaining a ZSM-35 substrate loading molybde-
num and copper. In preparation of the impregnation solution,
a loaded amount of molybdenum was set to be 6 wt. % based
on the total amount of calcined substrate, while a loaded
amount of copper was set to have a copper to molybdenum
molar ratio o1 0.3:1.0.

Example 9

A catalyst as Example 9 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.45:1.0, after treating a shaped substance with a silane
compound to modily the substance with silane. It was pro-
duced by the same producing process (including the shaping
process, the drying process, the calcining process and the
carburization treatment) as the catalyst of Comparative
Example 1, with the exception of the size of shaped substrate
and the impregnation process.

In this shaping process, the mixed substance of the 1nor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine nto a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa.

In a process of modification treatment with silane, APTES
was dissolved 1n ethanol as a silane compound, 1n an addition
amount of 0.5 wt. % based on the total amount of calcined
catalyst. Thereafter, the substrate shaped in the shaping pro-
cess relating to Comparative Example 1 so as to include
/. SM-5 was impregnated with the ethanol for a certain period
of time. This substrate was dried and then calcined at 550° C.
for 6 hours, and thereatter treated with the silane compound to
be modified with silane.

In an 1impregnation process, an impregnation solution pre-
pared with copper acetate and ammonium molybdate was
stirred. Then, the shaped substrate which underwent the pro-
cess ol modification treatment with silane was immersed 1n
the stirred 1impregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a cop-
per component. This substrate was dried and then calcined in

10

15

20

25

30

35

40

45

50

55

60

65

16

air, thereby obtaining a ZSM-35 substrate loading molybde-
num and copper. In preparation of the impregnation solution,
a loaded amount of molybdenum was set to be 6 wt. % based
on the total amount of calcined substrate, while a loaded
amount ol copper was set to have a copper to molybdenum
molar ratio of 0.45:1.0.

Example 10

A catalyst as Example 10 was formed loading copper and
molybdenum thereon at a copper to molybdenum molar ratio
of 0.6:1.0, after treating a shaped substance with a silane
compound to modily the substance with silane. It was pro-
duced by the same producing process (including the shaping
process, the drying process, the calcining process and the
carburization treatment) as the catalyst of Comparative
Example 1, with the exception of the size of shaped substrate
and the impregnation process.

In this shaping process, the mixed substance of the inor-
ganic component, the organic binder and the water content
relating to Comparative Example 1 was shaped by a vacuum
extrusion machine nto a rod (2.4 mm 1n diameter and 5 mm
in length) at an extrusion pressure of 2 to 8 MPa.

In a process of modification treatment with silane, APTES
was dissolved 1n ethanol as a silane compound, 1n an addition
amount of 0.5 wt. % based on the total amount of calcined
catalyst. Thereafter, the substrate shaped 1n the shaping pro-
cess relating to Comparative Example 1 so as to include
Z.SM-35 was impregnated with the ethanol for a certain period
of time. This substrate was dried and then calcined at 550° C.
for 6 hours, and thereatter treated with the silane compound to
be modified with silane.

In an impregnation process, an impregnation solution pre-
pared with copper acetate and ammonium molybdate was
stirred. Then, the shaped substrate which underwent the pro-
cess of modification treatment with silane was 1 mmersed 1n
the stirred impregnation solution, thereby impregnating the
shaped substrate with a molybdenum component and a cop-
per component. This substrate was dried and then calcined in
air, thereby obtaining a ZSM-35 substrate loading molybde-
num and copper. In preparation of the impregnation solution,
a loaded amount of molybdenum was set to be 6 wt. % based
on the total amount of calcined substrate, while a loaded
amount of copper was set to have a copper to molybdenum
molar ratio of 0.6:1.0.

Evaluations were made on a time variation in the methane
conversion rate, the benzene formation rate, the naphthalene
formation rate and the BTX formation rate in cases where
cach catalyst of Examples 7 to 10 was reacted with methane
and carbonic acid gas. A method for evaluation will be dis-
cussed below.

14 g of a catalyst (having a zeolite ratio o1 82.50%) serving
as a target for evaluation was charged into a reaction pipe of
a fixed-bed flow reactor (the pipe had an internal diameter of
18 mm and was produced 1n such a manner as to make a
calorizing treatment on Inconel 800H’s portion with which
gas 1s to be brought into contact). Then, a carbonic acid
gas-added methane gas (having a methane to carbonic acid
gas (CO,) molar ratio of 100:3) was supplied to the reaction
pipe, as a reaction gas. The catalyst was thus reacted with the
reaction gas under the conditions of: 3000 ml/g—ZSM-5/h
(CH, gas tlow base) of reaction space velocity; 780° C. of
reaction temperature; 24 hours of reaction time; and 0.3 MPa
of reaction pressure. During the reaction, a product analysis
was conducted to examine a time variation in the methane
conversion rate, the benzene formation rate, the naphthalene
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formation rate and the BTX formation rate. The product

analysis was carried out by using TCD-GC and FID-GC.
FIG. 15 1s a graph showing a time variation 1n the methane

conversion rate in cases where each catalyst of Examples 2 to

18

gas. In comparisons among Examples and Comparative
Examples, concerning activity property in each time period of
reaction, and more particularly concerning activity property
in 24-hour reaction, 1t 1s found that the catalysts treated to be

S and 7 to 10 was reacted with a carbonic acid gas-added > modified with silane as Examples 8 to 10 are greater in meth-
methane gas. As apparent from a comparison of the time ane conversion rate, benzene formation rate, naphthalene for-
variation of the methane conversion rate between the case mation rate and BTX formation rate and in activity than those
where the catalysts of Examples 7 to 10 was reacted and the ol: Examples 3 to 5 having an equal loaded amount of copper
case where the catalysts of Examples 2 to 5 was reacted, the based on molybdenum; and Comparative Examples.
TABLE 2
Methane Benzene formation Naphthalene formation BTX formation rate
conversion rate (%) rate (nmol/sg) rate (nmol/sg) (nmol/sg)
3h 10h 24h 3h 10h 24h 3h 10 h 24h  3h 10h 24h
Example 2 15.6 148 124 2574 2626 1904 574 344 139 2722 2786 2016
Example 3 154 144 124 2613 23525 1897 523 317 149 2763 2682 2030
Example 4 153 143 11.8 2560 2460 1651 491 290 121 2708 2615 1771
Example 5 155 141 115 2571 2385 1470 469 269 118 2719 2537 1575
Example 7 15.8 154 13.6 2557 2684 2318 674 444 166 2701 2846 2456
Example 8 157 154 142 2619 2813 2597 603 378 208 2774 2987 2770
Example 9 15.6 15.1 14.0 2563 2710 2453 694 469 228 2706 2869 2607
Example 10 157 152 13.8 2578 20644 2352 746 697 610 2723 2799 2503
25

catalysts treated to be modified with silane as 1n Examples 7
to 10 are more improved 1n activity life stability of the meth-
ane conversion rate than those not treated with silane to be
modified with silane as Examples 2 to 5.

FIG. 16 1s a graph showing a time variation 1n the benzene
formation rate in cases where each catalyst of Examples 2 to
5 and 7 to 10 was reacted with a carbonic acid gas-added
methane gas. As apparent from a comparison of the time
variation of the benzene formation rate between the case
where the catalysts of Examples 7 to 10 was reacted and the

case where the catalysts of Examples 2 to 5 was reacted, the
catalysts treated to be modified with silane as 1n Examples 7
to 10 are more improved 1n activity life stability of the ben-
zene formation rate than those not treated with silane to be
modified with silane as Examples 2 to 3.

FIG. 17 1s a graph showing a time variation in the naph-
thalene formation rate in cases where each catalyst of
Examples 2 to 5 and 7 to 10 was reacted with a carbonic acid
gas-added methane gas. As apparent from a comparison of the
time variation of the naphthalene formation rate between the
case where the catalysts of Examples 7 to 10 was reacted and
the case where the catalysts of Examples 2 to 5 was reacted,
the catalysts treated to be modified with silane as 1n Examples
7 to 10 are more improved in activity life stability of the
naphthalene formation rate than those not treated with silane
to be modified with silane as Examples 2 to 5.

FIG. 18 1s a graph showing a time variation 1n the BTX
formation rate 1n cases where each catalyst of Examples 2 to
5 and 7 to 10 was reacted with a carbonic acid gas-added
methane gas. As apparent from a comparison of the time
variation of the BTX formation rate between the case where
the catalysts of Examples 7 to 10 was reacted and the case
where the catalysts of Examples 2 to 5 was reacted, the
catalysts treated to be modified with silane as 1n Examples 7
to 10 are more improved 1n activity life stability of the BTX
formation rate than those not treated with silane to be modi-
fied with silane as Examples 2 to 5.

Table 2 shows the methane conversion rate, the benzene
formation rate, the naphthalene formation rate and the BTX
formation rate 1in each of 3-hour reaction, 10-hour reaction
and 24-hour reaction 1n which each catalyst of Examples 2 to
5 and 7 was reacted with carbonic acid gas-added methane

30

35

40

45

50

55

60

65

As discussed above, a catalyst according to the present
invention 1s formed by treating metallo-silicate with silane to
modity it with silane and then by loading molybdenum and
copper on the metallo-silicate. With this, an activity life sta-
bility of the methane conversion rate 1s improved so that the
benzene formation rate, the naphthalene formation rate and
the BTX (useful components such as benzene and toluene)
formation rate can be steadily obtained.

In the above-mentioned Examples, ZSM-5 was employed
as metallo-silicate on which metal components are loaded;
however, eflects are provided equally to those 1n the above-
mentioned Examples even when MCM-22 1s employed. Fur-
ther, a loaded amount of molybdenum was 6 wt. % based on
the total amount of calcined catalyst, 1n the above-mentioned
Examples; however, elfects are provided equally to those 1n
the above-mentioned Examples even when a loaded amount
of molybdenum 1s within a range of from 2 to 12 wt. % based
on the total amount of catalyst. Further, copper was loaded at
a copper to molybdenum molar ratio of 0.15 to 0.6, 1n the
above-mentioned Examples; however, effects are provided
equally to those 1n the above-mentioned Examples even when
the molar ratio 1s 0.01 to 0.8. Further, an addition amount of
silane compounds was 0.5 wt. % based on the total amount of
calcined catalyst, 1n the above-mentioned Examples; how-
ever, eflects are provided equally to those 1n the above-men-
tioned Examples when an addition amount of silane com-
pounds 1s less than 2.5 wt. % based on the total amount of
calcined catalyst. Further, 1n the method for evaluating the
above-mentioned Examples, the catalyst was reacted with a
reaction gas having a methane to carbonic acid gas (CO,)
molar ratio o1 100:3 in order to produce aromatic compounds;
however, eflects are provided equally to those 1n the above-
mentioned Examples even when an addition amount of the
carbonic acid gas 1s within a range of from 0.5 to 6 wt. %
based on the total of the reaction gas.

What 1s claimed 1s:
1. A catalyst for producing an aromatic compound from a

lower hydrocarbon, comprising:
a metallo-silicate serving as a substrate and calcined upon
loading molybdenum and copper thereon,
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wherein the aromatic compound 1s produced by reacting
the catalyst with the lower hydrocarbon and a carbonic
acid gas,

wherein the metallo-silicate comprises pores that are sub-

stantially 4.5 to 6.5 angstroms in diameter,

wherein molybdenum and copper are loaded on the met-

allo-silicate at a copper to molybdenum molar ratio of
0.1 to 0.8.

2. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 1, wherein a loaded
amount of molybdenum 1s within a range of from 2 to 12 wt.
% based on total amount of the calcined catalyst.

3. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 1, wherein molybde-
num and copper are loaded on the metallo-silicate at a copper
to molybdenum molar ratio of 0.1 to 0.3.

4. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 1, wherein the met-
allo-silicate 1s a zeolite.

5. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 4, wherein molybde-
num and copper are loaded on the zeolite after the zeolite 1s
treated with a silane compound larger than a pore of the
zeolite 1n diameter and having an amino group and a straight-
chain hydrocarbon group, the amino group being able to
selectively react with the zeolite at a Bronsted acid point of
the zeolite.

6. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 5, wherein the silane
compound includes APTES (3-aminoproxyl-tr1 ethoxysi-
lane).
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7. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 6, wherein the modi-
fication treatment with the silane compound 1s made in a
manner that an addition amount of the APTES 1s less than 2.5
wt. % based on total amount of the calcined catalyst.

8. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 7, wherein the modi-
fication treatment with the silane compound 1s made in a
manner that an addition amount of the APTES 1s 0.5 wt. %
based on total amount of the calcined catalyst.

9. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 4, wherein a calcining
temperature applied during the calcination made after molyb-
denum and copper are loaded on the zeolite 1s within a range
of from 550 to 800° C.

10. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 4, wherein the zeolite
includes one of ZSM-5 and MCM-22.

11. A catalyst for producing an aromatic compound from a
lower hydrocarbon, as claimed 1n claim 10, wherein the zeo-
lite includes ZSM-5.

12. A method of using the catalyst, as claimed in claim 1, in
the manufacture of an aromatic compound, comprising react-
ing the catalyst with a reaction gas contaiming a lower hydro-
carbon and a carbonic acid gas to produce the aromatic com-
pound.

13. A method, as claimed 1n claim 12, wherein an addition
amount of the carbonic acid gas 1s within a range of from 0.5
to 6 wt. % based on a total of the reaction gas.
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